Abstract: Rare earth double doped lead titanate with general formula Pb 1-x Pr x Ti 1-y Y y O 3 where x (praseodymium) = 0.02, 0.04, 0.06, 0.08 and y (yttrium) = 0.02 was synthesized by solid state reaction technique. X-ray diffraction analysis confirms single phase formation with perovskite structure having tetragonal phase. Micro-structural analysis shows formation of dense micro-structure with grain size calculated using average line intercepted method. Dielectric behavior as a function of temperature was found to decrease with Pr substitution. The diffusivity in the dielectric behavior was observed in all the compositions. Piezoelectric coefficient d 33 and g 33 was determined with increase in compositions of Pr substituent. The ferroelectric property was observed at room temperature and the value of remanent polarization (P r ), spontaneous polarization (P s ) and (E C ) coercive field was calculated.
Introduction
Lead titanate (PT) ceramics exhibit many attractive properties, which makes it possible for devices and in many electronic applications [1] . Lead titanate belongs to ABO 3 type perovskite form which is one of the most important classes of ferroelectric materials with non linear electro-optic properties [2] . PT has been used as a model system to understand various phenomena related to cubic to tetragonal phase transition. The transition, which takes place at about 490 °C from high temperature cubic phase (Pm3m) to a tetragonal (P4mm) ferroelectric phase and is accompanied by an abrupt anomaly in electric permittivity, the spontaneous polarization and specific heat etc. The ferroelectric phase transition in lead titanate at 490 °C has attracted continuing interest since it was investigated by Shirane and Hoshino [3] in 1951. Lead titanate ceramics prepared by firing technique is too fragile because of its large lattice anisotropy (c/a) of 1.064 [4] . A dense and hard PT ceramics can be prepared either by modifying the processing condition i.e., appropriate milling and sintering techniques [5, 6] or by adding suitable dopants [7] [8] [9] . Among the dopants, the substitution of lead by alkaline and rare earth metals results in the large anisotropy of piezoelectric and higher electromechanical anisotropy (K t /k p ) [10, 11] . This large ratio of thickness to lateral electromechanical coupling coefficient in PT is useful in high frequency transducer and high temperature applications such as surface acoustic wave (SAW) devices and piezoelectric transformers [1, 12, 13] . Similar properties were also obtained by substituting calcium ions with Sm modified PbTiO 3 [14] . In order to improve the dielectric, ferroelectric and piezoelectric properties efforts have been extended by way of controlling grain growth and designing microstructure inhomogenity. Substitution of both isovalent and aliovalent cation for the host ones in perovskite lattice plays an important role in the modification mechanisms. Modified PT ceramics has received a great deal of attention as promising material for transducer arrays [9, 15] .
The piezoelectric and mechanical properties of modified PT ceramics are important for use in the generation of high power ultrasonic [8] . Thus, PT ceramics becomes material of interest because of piezoelectric properties which is the result of spontaneous polarization. This polarization is due to high crystalline anisotropy which on the other hand gives rise to intergranular stresses.
It was reported [16, 17] that substitutions of Pr and La on A-site of PT ceramics significantly improve the density, dielectric, piezoelectric and electromechanical properties of these ceramics. Based on these investigations, we have in the present case chosen praseodymium and yttrium as co-dopants to modify the relative concentration of lead titanate. Praseodymium with ionic radii 1.09 Å replaces lead with ionic radii 1.20 Å whereas yttrium 0.93 Å replaces titanium 0.90 Å. Thus, the present investigations deal with the effect of Pr and Y as co-dopants on A and B-site of the lead titanate respectively. To the best of author knowledge, no such work on rare earth co-doped lead titanate is reported with compositions Pb 1-x Pr x Ti 1-y Y y O 3 (where x = 0.02, 0.04, 0.06, 0.08 and y = 0.02).
Materials and Method
The stoichiometric amounts of PbO (99%), Y 2 O 3 (99.9%), TiO 2 (99%), Pr 6 O 11 (99.5%) (High grade materials from S. d. fine-CHEM limited) was mixed in triple distilled water for 48 h for the preparation of Pb 1-x Pr x Ti 1-y Y y O 3 with x (praseodymium) = 0.02, 0.04. 0.06, 0.08 and y (yttrium) = 0.02. The solution was then dried in an oven at 150 ºC. After drying the material was ground into fine powder in an agate mortar and calcined in the closed crucible in the form of loosely packed blocks at temperature of about 800-850 ºC for 2 h. The fine calcined powder was granulated with few drops of polyvinyl alcohol (PVA) as binder and then pressed into pallets of 10-12 mm diameter and 1-2 mm thickness by using KBr die set and a hydraulic press under uniaxial pressure 150-200 MPa. The cold pressed pallets of modified lead titanate were then finally sintered at 1,100 ºC for 2 h. The sintering was carried out in a closed platinum crucible containing PbO in addition to sintering material in order create partial pressure of lead atmosphere to prevent excessive loss of lead from the samples. The sintered final product was then characterized and its physico-chemical properties studied. The phase composition was detected by X-ray powder diffraction (D8 Advanced Bruker instrument with Cu Kα radiation 1.54 Å) at a scanning rate of 1 min. The morphology of the sample was observed using JEOL-840 scanning electron microscope (SEM). The elemental composition was determined by energy dispersive X-ray analysis (EDX) method. The dielectric measurements were carried out as a function of temperature by using 4192A-LF impedance analyzer working in the range of 5 Hz to 13 MHz, a microprocessor based furnace fitted with a temperature controller and a specially designed two terminal sample holder provided with a jacket for water circulation during heating. The control measurement and analysis was managed through computer with Agilent software. This instrument directly gives the values of capacitance (C) and so dielectric constant (ε / )
is calculated by using relation:
where, C is the capacitance; t is the thickness; ε 0 is the absolute permittivity whose value is 8.854 × 10 -12 Fm -1
and A is the area. The spontaneous polarization of a ferroelectric material was measured by hysteresis loop by using Sawyer-Tower circuit by the application of the a.c field. The Berlincourt meter (PM 300) was used for piezoelectric (d 33 ) measurements. 3 . The XRD analysis showed that all the four compositions are single phase with tetragonal structure. The lattice parameters (c and a) and crystal tetragonality (c/a) were calculated from XRD data and is given in Table 1 .
Results and Discussion

X-Ray Diffraction (XRD) Analysis
The variation of lattice constants as a function of change in compositions for PT by Pr and Y is shown in Fig. 2 . It is seen that there is relative decrease in the value of "c" and nominal increase in the value of "a" as amount of modification on A-site increases. The crystal tetragonality c/a, is observed to decrease with the increase in substitution content resulting in hard and dense ceramics except for x = 0.08 and y = 0.02 compositions, where there is a slight increase [18] .
Many researchers have also reported decrease in lattice tetragonality on various modified PT ceramics [19] [20] [21] . Introduction of La 3+ and Ca 2+ into Pb-site of PT perovskite structure causes strong reduction in "c" with no significant change in the "a" parameter as reported by Mendiola et al. [21] and Tickoo et al. [22] , which is similar to our observation. Change in lattice parameter and lattice tetragonality depends upon the ionic radii of the dopant. Increase in ionic radius of the dopant decreases the crystal tetragonality [21] . The theoretical density, experimental density, relative density and porosity have been calculated with the help of XRD and is given in the Table 1 .
Microstructural Study
The grain size in lead titanate is greatly influenced by the content of additives and is one of the important factor influencing the poling behavior, ferroelectric and piezoelectric properties. The microstructure of all the compositions are shown in Figs. 3a-3d and the average grain size was measured by linear intercept method and is given in Table 1 . It can be seen from the micrographs that all the compositions show uniform grain growth and grain compactions with well defined grain boundaries. The compositional analysis was carried out by the energy dispersive analysis (EDAX) using X-ray detector attached to the scanning electron microscope (SEM) instrument. The EDAX spectrum of one of the composition with x = y = 0.02 is shown in Fig. 4 with corresponding data shown as inset in the same figure. This EDAX result confirms the presence of required elements in the grown compositions with almost all the peaks associated with the element such as Pb, Y, Pr and Ti. The micro-structural analysis thus suggests that this material prepared is Pr and Y substituted PbTiO 3 ceramics.
Dielectric Characteristics
Dielectric characterstics indicate its response to an applied electric field. The variation of dielectric constant with temperature at different frequency of applied ac field ranging from 1 KHz to 1MHz and temperature ranging from room temperature to 450 °C is shown in Figs. 5a-5d .
From the results, one can observe that the value of dielectric constant (ε / ) increases slowly up to a temperature of 200 °C in almost all the compositions and then increases sharply till it attains maximum and then start decreasing, thereby suggesting the material to be ferroelectric in nature. The dielectric constant showed a peak at transition temperature for all the compositions and magnitude of peak width was found to depend on the frequency of measurements. In the light of above observation, one can suggest that material under consideration shows a typical normal ferroelectric behaviour, where ε / increases with temperature due to interfacial polarization which becomes more dominant as compared to dipolar polarization below the Curie temperature. However, with further increase in temperature, ε / starts decreasing due to the phase transition from ferroelectric to paraelectric phase. With increase in Pr content into PT lattice, the value of ε / was found to increase from 12 to 34 at room temperature and the same trend was obtained for all the frequencies. However, the maximum value of ε / at a frequency of 1 KHz decreases from 2,178 to 1,000 (Table 2 ) with the increase in praseodymium concentration. This decrease in ε / max implies that substitution of Pr reduces dipole moment of the lattice and lowers the peak value of dielectric constant. If we concentrate at a frequency of 1 KHz in all the compositions, it is clearly seen that the peak value of dielectric constant decreases and the peak width increases with increase in Pr content. Increase in peak width with the increase in La content has already been reported [23, 24] . Table 2 gives the compiled data for maximum value of dielectric constant and corresponding Curie temperature for all these compositions. In all the compositions, peak width increases with increase in Pr content, these results into the diffused phase transitions. This may be due to the disorder in the arrangement of rare earth (praseodymium) and other atoms, leading to a microscopic heterogeneity in the composition and thus a distribution of different local Curie points [25] . The structural disorder arises due to the presence of a number of voids and impurities of different size. The degree of diffusivity (γ) can be calculated using the given expression [26] ln (1/ε / -1/ε / max ) = γ ln (T-T C ) + C; where "ε / max " is the maximum value of dielectric constant at transition temperature, "γ" is the degree of diffusiveness which lies in the range 1 < γ ≤ 2γ = 1 represent the ideal Curie Weiss behaviour, whereas "γ" between 1 and 2 indicates diffuse phase transition [27] (yttrium) = 0.02, and it is found that the value of "γ" comes out to be 1.45, 1.39, 1.14, 1.14, respectively. This implies the diffuse phase transition, which may be due to the compositional fluctuations and structural disordering in the arrangement of cations in one or more crystallographic sites in the structure that finally results in a microscopic heterogeneity in the grown materials with local Curie points [28, 29] .
Piezoelectric Coefficient
The values of piezoelectric coefficient were found to be dependent on substitution in the modified lead titanate ceramics. The value of piezoelectric charge coefficient (d 33 ) and piezoelectric voltage coefficient (g 33 ) are given in Table 2 . The maximum value of piezoelectric charge coefficient (d 33 ) is 27 pc/N for x = 6 and y = 2 mol% substituted PT ceramics, whereas the minimum value of 16 pc/N was found to be in case of x = 4, y = 2 mol% of modified PT ceramics. The maximum value of d 33 in case of x = 6, y = 2 mol% is suggested to be due to the reorientation of domains, which is facilitated by decrease in crystal tetragonality [30] . The crystal tetragonality (c/a) was found to be minimum in this composition. This increase in the value of d 33 has been reported by Xue et al. [19] in samarium doped ceramics. De Frutos and Jimenez [30] reported saturated piezoelectric d 33 value of 110 pc/N for calcium modified ceramics and have attributed this to increase in 180° domain reversal and stress caused by the poling field in higher calcium containing PT ceramics. They have reiterated their result with the addition that the contribution due to stress caused by the polling field has to be taken in to account. In our results, 180° domain reorientation is found to increase with decreasing tetragonality (c/a) resulting in increases of 180° domain polarization contribution. Therefore, d 33 arises due to 180° domain reversal seems to explain our results. The decrease of d 33 for composition exceeding x = 6; y = 2 mol% of concentration may be due to the microstructural changes [31, 32] . It could be that the relaxor like properties at the higher Pr 3+ concentration may probably account for the decay of piezoelectricity above x = 6; y = 2 mol% of substitution. The piezoelectric voltage coefficient (g 33 ) is also maximum for x = 6; y =2 mol% composition having a value 21 Vm/N.
Ferroelectric Properties
In order to confirm the ferroelectric behavior of these four compositions, polarization (P) versus electric field (E) i.e., (P-E) loop was observed. Fig. 7 illustrates the PE hysteresis loop for x = 0.02, y = 0.02; x = 0.04, y = 0.02; x = 0.06, y = 0.02; x = 0.08, y = 0.02 respectively at room temperature. All the compositions exhibit the P-E hysteresis loop, thereby indicating the ferroelectric nature. The value of spontaneous polarization (P s ), remanent polarization (P r ) and coercive field (E c ) was determined in the form of 2P s , 2P r and 2E c , respectively, in order to take care of any shifting of PE loop from the origin. These values are given in Table 3 . The result of coercive field (E c ) and remanent polarization (P r ) are correlated with the amount of substitution. It can be seen that the value of E c decrease up to x = 0.06, y = 0.02 mole% and thereafter increases. The value of 2P s also decreases for x = 0.06, y = 0.02 mole% followed by the increase, where as 2P r first decreases up to x = 0.06, y = 0.02 mole% followed by increasing trend for further substitution. This may be due to the smaller atomic displacement of cell content [21] and further increase may be resulted from the dominant effect of Pr amount. The decrease in E c with P r content causes the material to be softened.
Conclusions
Praseodymium and yttrium modified lead titanate was successfully prepared by solid-state reaction technique in four different composition. X-ray diffraction analysis confirms that all the compositions are in a single phase with perovskite tetragonal structure. The maximum value dielectric constant decreases from 2,178 for x = 0.02, y = 0.02 to 1,000 for x = 0.08, y = 0.02. This decrease in maximum value of dielectric constant implies that substitution of Pr reduces the dipole moment of the lattice. Broadening in the dielectric peak is observed leading to diffuse phase transition. Piezoelectric coefficient shows significantly compositional dependence and maximum value of respectively for x = 0.06, y = 0.02. The coercitivity decrease with the increase of Pr content. Decrease in Ec shows that material softens with the increase of Pr substitution.
